An important aspect of chemical reactions involves understanding the intermediate steps from reactants to products. The iterative use of mass spectrometry and X-Ray crystallography is demonstrated to be a powerful combination in this respect. We have applied them in identifying molecular clusters in solution followed by their solid-state structural characterizations. We used a key ligand, 2-[(2-hydroxy-3-methoxy-benzylidene) A mong the primary goals in chemistry is to understand the way reactions progress and how different bonding interactions control the products [1] [2] [3] . Recently several transformations following initial formation of a precursor solid, for example ligands or metals exchange within crystals in solution without altering the structure and crystallinity have been recognized 4, 5 . The stability and flexibility of Metal-organic frameworks (MOFs) make them versatile systems for such study 6, 7 . For example, two typical transformations in MOFs are single-crystal to single-crystal (SC-SC) [8] [9] [10] and Post Synthetic Modification (PSM) to incorporate specific reactivity and functionality 11, 12 . Apart from MOFs, an appealing chemistry is to focus on second stage reactions of metal coordination clusters in solution without destroying the molecular structures to create new derivatives (Supplementary Table S1 ) [13] [14] [15] [16] [17] [18] [19] [20] . In fact, metal coordination clusters responsive to different stimuli in solution generating novel crystalline derivatives is an effective strategy for cluster design and applications.
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, Na 1 and Ca 21 ) and their site preferences, coordinating and non-coordinating solvents (CH 3 CN to CH 3 A mong the primary goals in chemistry is to understand the way reactions progress and how different bonding interactions control the products [1] [2] [3] . Recently several transformations following initial formation of a precursor solid, for example ligands or metals exchange within crystals in solution without altering the structure and crystallinity have been recognized 4, 5 . The stability and flexibility of Metal-organic frameworks (MOFs) make them versatile systems for such study 6, 7 . For example, two typical transformations in MOFs are single-crystal to single-crystal (SC-SC) [8] [9] [10] and Post Synthetic Modification (PSM) to incorporate specific reactivity and functionality 11, 12 . Apart from MOFs, an appealing chemistry is to focus on second stage reactions of metal coordination clusters in solution without destroying the molecular structures to create new derivatives (Supplementary Table S1 ) [13] [14] [15] [16] [17] [18] [19] [20] . In fact, metal coordination clusters responsive to different stimuli in solution generating novel crystalline derivatives is an effective strategy for cluster design and applications.
However, when such reactions involve big molecules such as supramolecular cages 21, 22 and high nuclearity coordination clusters [23] [24] [25] , it is often difficult to follow the changes due to the complicated dynamics involving bond breaking and reforming in solution. Techniques such as nuclear magnetic resonance (NMR) spectroscopy can provide information that allows one to follow certain events and propose a mechanism 26 . When it comes to proposing a process involving the transformations of metal coordination clusters via their multi-components rearrangements in solution, it has been difficult to do so using such technique 27, 28 . Electrospray Ionisation Mass spectrometry (ESI-MS) is an alternative technique to study such transformation 17, 18, [29] [30] [31] [32] . In particular, ESI-MS is very useful when the metals are paramagnetic, rendering NMR difficult 33, 34 . In this work, we describe the chemistry of a flexible cluster in solution using ESI-MS and single-crystal X-ray diffraction(SCXRD) iteratively to follow the reactions towards ion-trapping and the rearrangements of the ligands, the incorporated solvents and the central inorganic core. Although this conformation is retained for 2 in methanol, it is different to the rearrangements taking place for 1. We can tentatively suggest that Li 1 coordinated by the three sulfonate groups like a joint serves as an indispensable part in the dynamics of the rearrangement process of 1.
Subsequently we explored the effect of solvent on the precursor cluster 32 . 2 and Na 1 in a tetrahedral coordination of the three sulfonate oxygen atoms and one methanol (Fig. 3) .
By changing monovalent alkali to divalent alkaline earth metal ions, structural variants are expected. Using CaCl 2 instead of NaCl [CaNi 6 (OCH 3 ) 2 (L) 6 2 forces the methoxy groups apart to be able to accommodate any potential guest cation. Thus, the ionic radius of 1.00 Å for Ca 21 , being similar to that of Na 1 , seems to be the driving force, although the soft sulfonate tendency towards the hard cation may enhance this preference in site. The one notable difference in the structure is two of the axial CH 3 
The Ni 3 O core with a m 3 -O bridge, the organic ligand, the trapped ion, and the coordinated solvents represent the four principal components forming the molecule (Fig. 4) . The rearrangement that followed reveals both pivoting and rocking of the ligands about the Ni 3 O core.
The polydentate Schiff-base ligand has an interesting laboratory of binding sites where all the coordinating atoms are placed on one side of the molecule segregating the clusters on formation 33, 34, 36 . The N(imine)-O(hydroxy) and a O(hydroxy)-O(methoxy) can only chelate while the sulfonate has chelating, bridging as well as terminal coordination functionalities. The sulfonate has two modes of coordination depending on the m 3 -O bridge; for m 3 -OH 2 it adopts monodentate coordination and for m 3 -OCH 3 2 it bridges two Ni 21 . The O(sulfonate) can be as close as 3.18 Å (Fig. 4, Supplementary Table  S2 ), for the m 3 -OCH 3 2 bridged compounds, to provide three bonds 21 it should in principle be accommodated in this cage but this is not the case.
The alkali and alkaline earth metals can be trapped at two sites, the trigonal prism of the O(hydroxy)-O(methoxy) and the three O(sulfonate), available for coordination. Although both are energetically favorable, the sulfonate may be the softer. However, the deciding condition for one or the other is the m 3 -O bridge. When OCH 3 2 is present the trigonal prism site is occupied and only the sulfonate is available. Thus three bonds are contributed by each single-cluster to the tetrahedral Li 1 (3) and Na 1 (6), while an octahedral site is found for the Ca 21 (7) by two clusters. The coordinated solvents serve primarily to complete the octahedral coordination sphere of the nickel atoms but are sites potential for further chemistry. They appear to be labile and at ease to exchange between CH 3 CN, CH 3 OH and H 2 O but not ethanol. The weak interactions between neighboring molecules in the seven structures are shown in Supplementary Fig. S2 . 6 ] observed in the solid ( Figure 5(a), (b) and its corresponding calculated fit Supplementary Fig. S3(a), (b) ) in agreement with the structure reported for 2. The latter three species were the principal peaks in the spectrum of 2 in methanol (Supplementary Fig. S4 ). The [LiNi 3 L 3 ] fragment was also found to be the dominant species in the MS of crystals of 1 dissolved in water indicating the high stability even in the very polar aqueous medium (Supplementary Fig. S5 ). The data also indicate the exchange of the terminal CH 3 CN for CH 3 . These changes were confirmed by the crystallography of 3.
After observing the difference of solubility for 1 in methanol and ethanol, the solution state of 1 in ethanol was studied (Supplementary Fig. S6, S7) . The ESI-MS spectra from few crystals of 1 dissolved in EtOH reveal the dominant positive ion peak to be [LiNi 3 32 . These observations increased our desire to understand whether the recrystallization result of 1 from ethanol will be rearrangement accompanied by inner bridge replace (OH 2 by (Fig. 5(c), (d) and Supplementary Fig. S3(c), (d) ). This unexpected observation turned out to be a contamination to the instrument from the sodium formate used for calibration. However, the relatively high intensity of [Ni 3 (L) 3 This result promises that ion-selectivity for Na 1 in methanol may be achieved. Indeed it was verified using MS by adding NaCl to methanol solution of 1 (Fig. 5(e) , (f) and Supplementary Fig. S3(e), (f) ). The spectra showed that the most dominated peaks were the cation exchanged species [NaNi 3 2 is acting as an ionophore host with the affinity toward sodium ion. Thus crystal structure of 6, obtained by crystallizing 1 in the presence of NaCl, confirms the exchange of Li 1 for Na 1 . The present results bridge the gap between solid-state and solution studies and highlight the importance of iterative ESI-MS and X-ray analyses to study reactions in a systematic way (Supplementary Table  S3 ) 37 . Previous works have so far done very well with the identification of the clusters under study to demonstrate their stability and integrity 30 . In a few cases, exchange of ions has been shown to take place 17 . The present study adds another two steps in this progress: firstly, in the field of ESI-MS used for evaluation of host-alkali ions binding selectivity, hosts are dominated by organic 38, 39 . To our knowledge coordination clusters with similar properties remain extremely rare. Secondly, ESI-MS can monitor reactions in-solution while Xray diffraction identifies and confirm the content of the products found in solution.
The collective effect of the structural changes in the solid-state on the magnetic properties has been monitored by susceptibility measurements as a function of field and temperature ( Supplementary  Fig. S8 -S10, Supplementary Table S4, S5). Clear distinction is found where the exchange interaction changes from being ferromagnetic for compounds with OH 2 bridge (1 and 5) to antiferromagnetic for those with OCH 3 2 bridges (3, 6 and 7).
Conclusion
In summary, the precursor Ni 6 Li 4 heterometallic cluster has numerous degrees of freedom and undergoes several reactions due to conformational flexibility in abstracting cations of different ionic radii from solutions using its top or bottom claw or both, as evidenced by iterative mass spectrometry in solution and single crystal X-ray crystallography in the solid. This flexibility is chemically driven by the exchange of OH 2 to OCH 3 2 within the metal moiety and by the electrostatic and geometrical constraints of the organic arms and legs, the cooperative influence of different cations and the supramolecular interactions with solvents or other molecules in the solid. The present study shows that judicious choice of ''key'' polydentate ligand be used for design of d-s clusters under different stimuli. Furthermore, the ESI-MS and SCXRD complementary approaches can now be extended to investigate the bottom-up processes governing the formation and modification of other cluster systems.
Methods
Materials. All reagents were purchased from commercial sources and used as received. The lithium salt of the ligand 2-[(2-hydroxy-3-methoxy-benzylidene)-amino]-ethane-sulfonic acid (Li 2 L) was synthesized in an analogous manner to that described previously 36 .
Measurements. Elemental analyses (C, H, N) were determined with an Elementar vario EL III Analyzer. The FT-IR spectra were recorded from KBr pellets in the range 4000-400 cm 21 on a Bruker Tensor 27 spectrometer. The thermal properties were measured using a gravimetric analyzer (Labsys evo TG-DSC/DTA) under a constant flow of dry nitrogen gas at a rate of 5uC/min. Phase purity was checked by powder Xray diffraction (PXRD) at room temperature using a Bruker AXS D8 Advance diffractometer with Cu-Ka radiation. DC Magnetization measurements were performed on polycrystalline samples using a Quantum Design MPMS-XL7 SQUID. Data were corrected for the diamagnetic contribution calculated from Pascal's constants and the sample container.
Synthesis. 1 and 2. 1 mmol Li 2 L was added to 15 mL CH 3 CN solution of 1 mmol Ni(ClO 4 ) 2 ?6H 2 O followed by adding 0.5 mL triethylamine. The mixture was stirred and placed in a 25-mL Teflon-lined autoclave and heated at 140uC for 72 h. Green block crystals of 1 were collected by filtration. If the mixture was placed in a covered beaker at ambient conditions for 2 days, green block crystals of 2 were isolated by filtration. 3, 4 and 5. The large and well-formed crystals of 1 (0.25 mmol) and 2 (0.25 mmol) were independently dissolved in 10 mL methanol and stirred at room temperature for 10 minutes followed by filtration. The filtrate was allowed to slowly concentrate by evaporation in a small capped-tube at room temperature. Two or seven days later, green needle crystals of 3 (originated from 1) and green block crystals of 4 (originated from 2) were isolated by filtration respectively. If methanol is instead replaced by ethanol in the preparation of 3, green block crystals of 5 were obtained. 6 and 7. Re-crystallizations of 1 (0.25 mmol) and NaCl (0.5 mmol) from methanol results in 6 and of (0.25 mmol) and CaCl 2 ?2H 2 O (0.5 mmol) gives crystals of 7. Full experimental and X-ray single-crystal diffraction details, synthesis and characterization for all compounds are included in the Supplementary Experimental procedures.
